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CREB mediates ERK-induced survival of mouse renal tubular
cells after oxidant stress.
Background. We showed that extracellular signal-regulated
protein kinase (ERK) is prosurvival during oxidant stress both
in the kidney and in cultured mouse proximal tubule (TKPTS)
cells and demonstrated concomitant activation of ERK as well
as the cyclic adenosine monophosphate (cAMP)–responsive el-
ement binding protein (CREB), during survival in vitro. We now
show that CREB is a necessary prosurvival target of ERK.
Methods. Ischemia/reperfusion (I/R) injury was induced in
129Sv mice. Oxidant stress was induced by hydrogen peroxide
(H2O2) in TKPTS cells. Activation of CREB was determined by
immunohistochemistry and Western blotting. Inhibition and ac-
tivation of CREB was achieved by mutant or activated CREB-
containing adenoviruses in vitro. The effects of oxidant stress on
cell survival, CREB binding, and CREB-mediated transcription
was determined by cell counting, gelshift analysis, and luciferase
assay, respectively.
Results. I/R activates CREB in the surviving distal nephron
segments of the kidney. Inhibition of ERK and CREB abrogates
survival after 0.5 mmol/L H2O2 treatment, while overexpres-
sion of CREB ameliorates necrotic death caused by 1 mmol/L
H2O2. Inhibition of ERK also inhibited CREB activation. Bind-
ing of phosphorylated CREB to a CREB oligonucleotide was
significantly increased after 0.5 mmol/L H2O2 but decreased
after 1 mmol/L H2O2. Similarly, CREB-mediated transcription
was significantly increased after 0.5 mmol/L H2O2 treatment,
while 1 mmol/L H2O2 inhibited it. Interestingly, transcription
from the CREB-driven bcl-2 promoter was unchanged after
0.5 mmol/L but decreased after 1 mmol/L H2O2 treatment in
agreement with Western blot studies.
Conclusion. We show that survival during oxidant stress is
mediated through CREB and identification of its downstream
targets will reveal important survival pathways.
Ischemia/reperfusion (I/R) injury is a major cause of
acute renal failure [1]. In the rat kidney, survival of
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I/R injury depends on activation of extracellular signal-
regulated protein kinase (ERK) [2, 3]. ERK activation
occurs in the distal nephron, which survives I/R injury
and not in proximal tubules that undergo necrotic death
[3, 4]. Similarly, survival of immortalized mouse proxi-
mal tubule (TKPTS) cells after oxidant stress is associ-
ated with activation of ERK, while severe oxidant stress
causes necrotic death without ERK activation in vitro
[5]. Adenovirus-mediated activation of ERK ameliorates
necrotic death induced by severe oxidant stress with a
concomitant up-regulation of p90rsk and cyclic adeno-
sine monophosphate (cAMP)–responsive element bind-
ing protein (CREB), the known downstream targets of
ERK in TKPTS cells [5]. However, the role of CREB in
survival during moderate oxidant stress in renal proximal
tubule cells has not been established.
CREB is a transcription factor with multiple functions
[6, 7] and is believed to play a key role in cell survival
[8–11]. Reportedly, oxidant injury regulates the activity
of CREB and thus survival [12–15]. CREB activation oc-
curs via phosphorylation at serine 133 (Ser133) by vari-
ous kinases, including mitogen-activated protein kinases
(MAPKs) [6, 7]. ERK phosphorylates CREB through
p90rsk [10, 16]. Once activated, CREB regulates tran-
scription of an array of genes that harbor the CREB
binding site [cAMP responsive element (CRE)] in their
promoter proximal region, including those with survival
function [6, 7].
Accordingly, the aim of this study was to establish a
role of CREB in ERK-mediated survival of renal tubule
cells during oxidant stress both in vivo and in vitro. Also,
we sought to identify CREB-regulated gene(s) that might
play a role in survival.
METHODS
Animal preparation
Six- to 8-week-old male 129Sv mice were anesthetized
with 50 mg/kg body weight of sodium pentobarbital, and
a 50-minute period of ischemia was induced by bilateral
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renal hilum clamping, as described earlier [17]. Sham
operation was also performed without induction of is-
chemia. The clamps were removed and kidneys were har-
vested for Western blotting and immunohistochemistry
15 and 30 minutes as well as 24 hours after reestablishing
perfusion.
Cell culture
The mouse proximal tubule cell line (TKPTS) was ob-
tained from Dr. Bello-Reuss [18] and grown in 5% CO2
atmosphere at 37◦C as described previously [2]. Loga-
rithmically growing cells (approximately 50% confluent)
were treated with either 0.5 or 1 mmol/L H2O2 for various
time points.
Analysis of cell viability
Viable cell count was determined by trypan blue
(Sigma Chemical Co., St. Louis, MO, USA) exclusion in a
hemocytometer. Cell morphology was determined by in-
verted microscopy (Nikon Eclipse TE200, Melville, NY,
USA) equipped with a Hoffman Modulation Contrast
Optics.
Inhibition of ERK activation
TKPTS cells were pretreated with the ERK kinase
(MEK1) inhibitor U0126 (50 lmol/L) (Cell Signaling
Technology, Beverly, MA, USA) 1 hour prior to treat-
ment with H2O2. Cell survival and activation of ERK
and CREB was determined.
Protein isolation and Western blotting
Kidneys were removed and homogenized in a ra-
dioimmunoprecipitation assay (RIPA) buffer that con-
tained 100 lg/mL phenylmethylsulfonyl fluoride (PMSF)
(Sigma Chemical Co.), 100 mmol/L sodium orthovana-
date (Sigma Chemical Co.), and 50 lL/mL of proteinase
inhibitor cocktail (Sigma Chemical Co.) as described ear-
lier [5]. The total lysates were used for Western blotting.
Similarly, monolayers of TKPTS cells were lysed in a
RIPA buffer. Protein content was determined by using
a Bio-Rad Protein Determination assay (Bio-Rad, Her-
cules, CA, USA) as described earlier [5]. One-hundred
micrograms proteins from cell or tissue lysates were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS/PAGE) and transferred to a polyvinyli-
dine difluoride (PVDF) membrane (Bio-Rad). The filters
were hybridized with the appropriate primary antibodies
followed by a horseradish peroxidase (HRP)–conjugated
secondary antibody. The bcl-2 antibody was purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA,
USA). The phospho-ERK1/2 (Thr202/Tyr204), ERK1/2,
phospho-CREB (Ser133), and CREB antibodies were
purchased from Cell Signaling Technology. The bands
were visualized by an enhanced chemiluminescence
(ECL) method (Amersham, Piscataway, NJ, USA) and
quantified by densitometry (UnScan-It) (Silk Scientific,
Orem, UT, USA).
Adenoviral infection of TKPTS cells
TKPTS cells grown to 50% confluency in 6-well-plates
were incubated overnight in medium containing 25 to 50
multiplicity of infection (MOI) of either mutant CREB
(M1-CREB) [19] or constitutively active (VP16CREB)
CREB [20] adenovirus in a way similar to that we de-
scribed earlier [5, 21]. The cells were then washed with
fresh medium and further incubated in the presence or
absence of 0.5 or 1 mmol/L H2O2. Cell survival was deter-
mined by trypan blue exclusion. The efficiency of infec-
tion was determined by a control adenovirus (Ad-GFP)
[22]. The efficiency of infection was approximately 80%
(data not shown).
Luciferase assay
pCRELuc plasmid, which contains four direct repeats
of consensus CRE binding sites, was purchased from
Stratagene (La Jolla, CA, USA). The LB322 luciferase
plasmid, which contains the promoter proximal region of
the bcl-2 gene, was a generous gift from Dr. Linda Boxer
[23]. Plasmids were transiently transfected into TKPTS
cells by a GenePorter2 reagent (Gene Therapy Systems,
San Diego, CA, USA) together with a b-galactosidase
plasmid (Invitrogen, Carlsbad, CA, USA) as described
earlier [24]. Luciferase activity was determined by using
a Luciferase Assay Kit as suggested by the manufacturer
(Promega, Madison, WI, USA) under control conditions
and 6 hours after incubation with either 0.5 or 1.0 mmol/L
H2O2. This time point was chosen because cells show no
obvious damage at this time. The relative luciferase ac-
tivity was measured and was normalized to the amount
of activity detected for a cotransfected b-galactosidase
plasmid.
Electrophoretic mobility shift assay (EMSA)
Nuclear extracts were prepared by lysing cells in a
buffer containing 10 mmol/L Hepes, pH 7.9, 60 mmol/L
KCl, 1 mmol/L dithiothreitol (DTT), 1 mmol/L ethylene-
diaminetetraacetic acid (EDTA), 0.5% NP-40, and 1 mM
PMSF, as described earlier [25]. Six to 10 lg of nuclear
extracts were incubated in a binding buffer (10 mmol/L
Tris-HCl, pH 7.6, 50 mmol/L NaCl, 1 mmol/L EDTA,
5% glycerol, 1 mmol/L DTT, and 1 lg polydIC) in
the presence or absence of a 100-fold molar excess of
unlabeled competitor DNA and/or appropriate anti-
bodies for 15 minutes at room temperature. Following
incubation, 10,000 cpm of 32P end-labeled oligonu-
cleotide probe was added and the reaction incubated
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Fig. 1. Cyclic adenosine monophosphate (cAMP)–responsive element
binding protein (CREB) is phosphorylated in a survival-dependent
fashion during oxidant stress in TKPTS cells. (A) TKPTS cells were
treated with either 0.5 mmol/L or 1 mmol/L H2O2 for the time period
indicated. One hundred micrograms of total cell lysates were subjected
to electrophoresis and Western blotting as described in the Methods
section. Blots were hybridized with an antibody that recognizes the
phospho-(Ser133)-CREB or CREB, respectively. Data shown are rep-
resentative of three independent experiments. C0 and C24 are appropri-
ate time controls and T1, T6 and T24 are 1, 6 and 24 hours treatment,
respectively. (B) Densitometry of experiments outlined above. ∗P =
0.005; ∗∗P < 0.001 compared to the control.
at room temperature for an additional 15 minutes. The
DNA-protein complexes were separated from the free
probe by electrophoresis on a 6% polyacrylamide gel.
The gel was dried and subjected to autoradiography.
The consensus double-stranded CREB oligonucleotide
(AGAGATTGCCTGACGTCAGAGAGCTAG) was
purchased from Santa Cruz Biotechnology, Inc. The
phospho-CREB TransCruz gel supershift antibody was
also purchased from Santa Cruz Biotechnology, Inc.
Immunohistochemistry
The segmental and subcellular distribution of phospho-
rylated CREB was determined on paraffin-embedded tis-
sue sections using a polyclonal phospho-(Ser133)-CREB
antibody (Cell Signaling Technology) and a microwave
pERKs
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pCREB
CREB
U0126− + − +
− − + + H2O2
Fig. 2. The extracellular signal regulated protein kinase (ERK) kinase
(MEK1) inhibitor U0126 attenuates 0.5 mmol/L H2O2-mediated cyclic
adenosine monophosphate (cAMP)–responsive element binding pro-
tein (CREB) phosphorylation. TKPTS cells were pretreated with 50
mmol/L U0126 1 hour prior to treatment with 0.5 mmol/L H2O2 for 1
hour. Total lysates from those cells were subjected to Western blotting
as described in the Methods section. Blots were hybridized with anti-
bodies that recognize phospho-ERK, phospho-CREB, ERK, or CREB,
respectively. Data shown are representative of three independent ex-
periments.
antigen retrieval technique as described elsewhere [17].
The sections were also counterstained with hematoxylin
using standard procedures. The rabbit phospho-CREB
binding was visualized using the ABC Elite Vectastain
Kit (Vector Laboratories, Burlingame, CA, USA).
Statistical analysis
Statistical differences between the treated and control
groups were determined by Student paired t test. Differ-
ences between means were considered significant if P <
0.05. All analyses were performed using a SigmaStat 2.01
software package.
RESULTS
CREB is phosphorylated in a survival-specific manner
during oxidant stress in vitro
Earlier we determined that ERK is phosphorylated by
0.5 mmol/L but not 1 mmol/L H2O2 treatment in TKPTS
cells [5]. Here we demonstrate that activation of CREB
follows a similar pattern: 0.5 mmol/L H2O2 treatment
rapidly phosphorylates CREB while 1 mmol/L H2O2 fails
to do so (Fig. 1). As activated ERK exerts a prosurvival
function under these conditions [5], these data are con-
sistent with the notion that CREB may be a principal
prosurvival downstream target of activated ERK [10].
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Fig. 3. The extracellular signal regulated
protein kinase (ERK) kinase (MEK1) in-
hibitor U0126 attenuates cell survival after
treatment with 0.5 mmol/L H2O2. (A) TKPTS
cells were pretreated with 50 lmol/L U0126
1 hour prior to treatment with 0.5 mmol/L
H2O2. After 24 hours, cell counts were de-
termined as described in the Methods section.
Cell counts are given as percentage of the pre-
treatment control. Values are given as mean ±
SD (N = 3). Significance was analyzed by Stu-
dent t test. ∗P < 0.001 compared to the control.
(B) Representative photographs show the 24-
hour-H2O2-treated cells in the presence or
absence of U0126 (magnification ×100).
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Fig. 4. Phosphorylation of cyclic adenosine monophosphate (cAMP)–responsive element binding protein (CREB) and extracellular signal-
regulated protein kinase (ERK) in the postischemic kidney. (A and C) One hundred micrograms of proteins of total kidney lysates were subjected
to electrophoresis and Western blotting as described in the Methods section. Protein lysates were obtained from kidneys 15 and 30 minutes after
ischemia. Blots were hybridized with antibodies that recognize either the phospho-(Ser133)-CREB, CREB, phospho-(Thr202/Tyr204) ERK, or
ERK, respectively. Data shown are representative of three independent experiments. (B and D) Densitometry of experiments outlined above. ∗P
= 0.005; ∗∗P < 0.001 compared to the control
Inhibition of ERK abrogates CREB phosphorylation and
survival
To test the hypothesis that CREB is the downstream
target of the activated ERK, TKPTS cells were pretreated
with 50 lmol/L U0126 prior to treatment with 0.5 mmol/L
H2O2. Phosphorylation status of ERK and CREB was
determined by Western blotting. As is shown in Figure 2,
U0126 inhibits both basal and 0.5 mmol/L H2O2-induced
ERK phosphorylation. It is also shown, that phospho-
rylation of CREB was significantly decreased in U0126-
pretreated cells. These results suggest that 0.5 mmol/L
H2O2-induced CREB phosphorylation is, at least partly,
due to ERK activation. Furthermore, U0126 pretreat-
ment significantly abrogates survival of TKPTS cells after
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Fig. 5. Immunohistochemical localization of phospho-cyclic adenosine
monophosphate (cAMP)–responsive element binding protein (CREB)
in the kidney 30 minutes after reestablishing perfusion. Formalin fixed
and paraffin embedded sections of the control (A) kidney as well as the
kidney 30 minutes after reestablishing perfusion (B) were stained with
a phospho-(Ser133)-CREB antibody and counterstained with hema-
toxylin as described in the Methods section. The pictures are repre-
sentatives of three independent experiments. Abbreviations are: G,
glomerulus; PT, proximal convoluted tubule. The arrows depict the dis-
tal nephron segments.
0.5 mmol/L H2O2 treatment (Fig. 3). Taken together, the
results shown in Figure 2 suggest that CREB is a major
mediator of ERK-induced survival.
I/R activates (phosphorylates) ERK and CREB in the
kidney in a survival-specific manner
To demonstrate if CREB phosphorylation is an im-
portant factor in survival of I/R injury in the kidney,
we determined the phosphorylation state of CREB by
Western blots of total lysates from kidneys taken 15 or
30 minutes after 50 minutes of ischemia. The results show
that phosphorylation of CREB is significantly increased
15 (1.5-fold) and 30 minutes (threefold) after reestablish-
ing perfusion (Fig. 4A). The activation was brief and by
24 hours of reperfusion CREB phosphorylation had
fallen to levels below control (0.5-fold) (data not shown).
Expression of total CREB was unchanged during the
course of the experiment. Phosphorylation of ERK
followed a similar pattern, although ERK activation
is already elevated after 15 minutes of reperfusion
(Fig. 4B and D). Immunohistochemistry identified min-
imal phospho-CREB-positive staining in the normal
kidney (Fig. 5A) that was restricted to the cortical seg-
ment of the distal tubule. On the other hand, positive
nuclear staining of phospho-CREB was seen in distal
nephron segments of the cortex (distal tubules and col-
lecting ducts) of the kidney after 30 minutes of reperfu-
sion (Fig. 5B). Only occasional staining was observed in
glomeruli, thick ascending limbs, and in the early (S1 and
S2) segments of proximal tubules within the cortex. There
was no positive staining in proximal tubules at the corti-
comedullary junction (S3 segment). Distal tubules were
negative for phospho-CREB staining after 24 hours of
reperfusion (data not shown).
Manipulation of CREB activity affects cell survival
during oxidant stress in TKPTS cells
To test the hypothesis that CREB mediates ERK-
induced survival, we inhibited endogenous CREB activ-
ity with a mutant (M1-CREB) adenovirus [19] in TKPTS
cells. This type of mutant competes with the endogenous
CREB for binding to the promoters of CREB-responsive
genes but does not induce transcription. After infec-
tion, TKPTS cells were treated with 0.5 mmol/L H2O2,
a dose that does not lead to cell death [5]. As is seen in
Figure 6, infection with the mutant CREB decreased cell
survival and caused necrotic (oncotic) death after 0.5
mmol/L H2O2 treatment. In another set of experiments,
cells were infected with an adenovirus that expresses the
constitutively active form of CREB (VP16CREB) [14].
Figure 7 shows that VP16CREB prevented the massive
amount of necrosis induced by 1 mmol/L H2O2. It is in-
teresting to note that the total CREB protein is increased
due to the infection with exogenous CREB but its func-
tion is decreased or increased (Figs. 6 and 7), accordingly
to the function of mutant proteins. These findings suggest
that CREB is the principal downstream target of ERK-
mediated survival.
H2O2 treatment influences CREB-driven transcription
in TKPTS cells
To determine how H2O2 affects CREB transcriptional
activity, TKPTS cells were transfected with a plasmid in
which four tandem repeats of a consensus CRE element
was fused to the luciferase gene, and were treated with
various concentrations of H2O2. As a positive control,
cells were also treated with 50 ng/mL epidermal growth
factor (EGF). Results are summarized in Figure 8. As
is seen, 0.5 mmol/L H2O2 treatment, similar to EGF,
moderately but significantly increased luciferase activity,
while 1 mmol/L H2O2 treatment significantly inhibited it.
These data suggest that 0.5 mmol/L H2O2 might regulate
survival by activation of CREB-responsive genes, while
1 mmol/L H2O2 suppresses transcription of those genes.
Binding of phosphorylated CREB to a consensus CREB
oligonucleotide is regulated by H2O2
To explore the possibility that binding of phospho-
rylated CREB to the consensus CREB element is af-
fected by various concentration of H2O2, and might ex-
plain these changes in CREB-driven transcription, we
performed EMSA assays after exposure of TKPTS cells
to 0.5 or 1 mmol/L H2O2. Equal amounts of nuclear pro-
teins were collected 30 minutes after H2O2 treatment and
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Fig. 6. Effects of cyclic adenosine
monophosphate (cAMP)–responsive el-
ement binding protein (CREB) inhibition
on survival of TKPTS cells after 0.5 mmol/L
H2O2 treatment. (A) TKPTS cells at 50%
confluency were treated with 0.5 mmol/L of
H2O2 for 24 hours in the presence or absence
of a mutant CREB adenovirus (M1-CREB).
Cell count was determined as described in
the Methods section. Cell counts are given
as percentage of the pretreatment control.
Values are given as mean ± SD (N = 3).
Significance was analyzed by Student t test.
∗P < 0.001 compared to the control (B)
Representative photographs show the pre-
treatment control or 24-hour H2O2-treated
cells in the presence or absence of a mutant
M1-CREB adenovirus (magnification ×100).
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Fig. 7. Effects of cyclic adenosine
monophosphate (cAMP)–responsive
element binding protein (CREB) overex-
pression on survival of TKPTS cells after 1
mmol/L H2O2 treatment. (A) TKPTS cells at
50% confluency were treated with 1 mmol/L
of H2O2 for 24 hours in the presence or
absence of a constitutively active CREB
(VP16CREB) overexpressing adenovirus.
Cell count was determined as described
in the Methods section. Cell counts are
given as percentage of the pretreatment
control. Values are given as mean ± SD (N
= 3). Significance was analyzed by Student
t test. ∗P < 0.001 compared to the control
(B). Representative photographs show the
pretreatment control or 24-hour H2O2-
treated cells in the presence or absence of a
constitutively active VP16CREB adenovirus
(magnification ×100).
incubated with a labeled-consensus CREB oligonu-
cleotide. Figure 9 demonstrates that 0.5 mmol/L H2O2
treatment significantly increased binding of proteins
to the CREB site, while 1 mmol/L H2O2 treat-
ment decreased this binding. The specificity of bind-
ing was determined by competition with a 100-fold
excess of unlabeled oligonucleotide. Supershift assay
revealed that the protein complex(es) bound to the
CREB oligonucleotide contain phosphorylated CREB
in cells treated with 0.5 mmol/L H2O2, but virtu-
ally none in 1 mmol/L H2O2-treated cells. These re-
sults are in good agreement with earlier findings that
under this condition only 0.5 mmol/L H2O2 induces
CREB phosphorylation [5]. Also, these data suggest
that the increased CREB-driven transcription by 0.5
mmol/L H2O2 is related to the increased binding of
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Fig. 8. Effects of H2O2 treatment on cyclic adenosine monophos-
phate (cAMP)–responsive element binding protein (CREB)-driven
transcription. TKPTS cells were transiently cotransfected with a pCRE-
Luc plasmid, in which four tandem repeats of a consensus CREB site is
fused to the luciferase reporter gene, and a b-galactosidase expression
plasmid. After 24 hours cells were treated with either 0.5 or 1 mmol/L
H2O2 for 6 hours. Luciferase and b-galactosidase amounts were deter-
mined as described in the Methods section. As positive control, cells
were also treated with 50 ng/mL epidermal growth factor (EGF). The
relative luciferase activity was measured and was normalized to the
amount of activity detected for a cotransfected b-galactosidase plas-
mid. Data are given as percentage of control value (mean ± SD) (N =
3). Significance was analyzed by Student t test. ∗P < 0.001 compared to
the control.
phosphorylated CREB to its cognate DNA site. Simi-
larly, the reduced CREB binding to its DNA site might
be responsible for the inhibition of CREB-driven tran-
scription by 1 mmol/L H2O2 (Fig. 8).
Bcl-2 is not activated during survival in TKPTS cells
Bcl-2 is known to be involved in prevention of cell
death [26] and maybe transcriptionally regulated by
CREB [7]. To determine whether bcl-2 is the downstream
target of activated CREB during survival, TKPTS cells
were transfected with a luciferase plasmid that contains
the full promoter proximal region of the bcl-2 gene [23]
and then treated with various concentrations of H2O2.
Figure 10A shows that 1 mmol/L H2O2 significantly in-
hibited luciferase activity, while 0.5 mmol/L H2O2 treat-
ment did not change it. Western blotting of bcl-2 pro-
tein showed that 0.5 mmol/L H2O2 did not alter, while
1 mmol/L H2O2 significantly decreased (by 50%) bcl-2
protein levels (Fig. 10B). Similar changes in bcl-2 levels
were seen 24 hours after treatment (data not shown).
Studies on expression of bcl-xl resulted in analogous
findings (data not shown). These data suggest that the
ERK/CREB-induced survival is not mediated through
bcl-2 up-regulation.
DISCUSSION
Renal I/R exposes the kidney to reactive oxygen
species, which are believed to be the main mediators of
Competitor
αpCREB
1 mmol/L
0.5 mmol/L
− − − − + − −
− − − − − + +
− − − + − − +
− − + − + + −
Fig. 9. Effects of H2O2 treatment on binding of phosphorylated cyclic
adenosine monophosphate (cAMP)–responsive element binding pro-
tein (CREB) to a consensus CREB oligonucleotide. TKPTS cells were
treated with 0.5 or 1 mmol/L H2O2 for 30 minutes. Nuclear extracts
were isolated and equal amount of proteins (6 lg) were incubated with
a 32P-labeled consensus CREB oligonucleotide in the presence or ab-
sence of an antiphospho-CREB antibody or 100-fold excess of cold
oligonucleotide. Bands were resolved on a 6% polyacrylamide gel as
described in the Methods section. Data shown are typical example of
three independent experiments. The arrows show the phospho-CREB-
containing complexes.
the resulting damage [27]. Our group previously demon-
strated that ERK activation during ischemic- or H2O2-
induced oxidant injury is cytoprotective [2, 5]. CREB, a
downstream target of ERK, is a transcription factor that
plays a crucial role in cell survival [10, 12, 13, 15, 28]. In
TKPTS cells under survival conditions (0.5 mmol/L treat-
ment) CREB is rapidly phosphorylated, while this phos-
phorylation is absent under conditions (1 mmol/L H2O2
treatment) under which TKPTS cells undergo necrotic
death (Fig. 1). We also show that activated ERK is
linked to activation of CREB because inhibition of ERK
via the MEK1 inhibitor U0126 inhibited both CREB
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Fig. 10. Effects of H2O2 treatment on the bcl-2 promoter activity and
protein expression. (A(?TKPT cells were transiently cotransfected with
a luciferase plasmid that contains the bcl-2 promoter proximal region
and a?b-galactosidase expression plasmid. After 24 hours cells were
treated with either 0.5 or 1 mmol/L H2O2 for 6 hours. Luciferase and
b-galactosidase amounts were determined as described in the Meth-
ods section. As positive control, cells were also treated with 50 ng/mL
epidermal growth factor (EGF). The relative luciferase activity was
measured and was normalized to the amount of activity detected for
a cotransfected b-galactosidase plasmid. Data are given as percentage
of control value (mean ± SD) (N = 3). Significance was analyzed by
Student t test. ∗P < 0.001 compared to the control (B). TKPTS cells
were treated with either 0.5 or 1 mmol/L H2O2 for 6 hours. Total cell
lysates were isolated and Western blots were prepared to determine lev-
els of bcl2 protein. Data shown is a representative of three independent
experiments.
phosphorylation (Fig. 2) and cell survival (Fig. 3) after
moderate oxidant stress. The work presented here pro-
vides strong support for CREB as a survival factor in
the kidney. CREB is activated in the surviving distal seg-
ments of the cortex (Fig. 5B) in the postischemic kid-
ney, similar to phospho-ERK, as has been reported previ-
ously [2, 3]. Complementary in vitro studies demonstrate
that a constitutively active CREB mutant augments sur-
vival (Fig. 7), while an inhibitory mutant CREB (M1-
CREB) accelerates cell death (Fig. 6), as expected. Im-
portantly, we observe a biphasic CRE transcriptional re-
sponse; low dose H2O2 induces CREB-mediated tran-
scription, while a higher (lethal) dose decreases it (Fig.
8). Binding of phospho-CREB to a consensus CREB
oligonucleotide showed a similar pattern (Fig. 9). Taken
together, these data support a model wherein moderate
(nonlethal) ischemic/oxidant stress activates signaling via
ERK to CREB that facilitates survival of renal cells. This
may be a key pathway in ischemic preconditioning.
In addition to the cytoprotective role of CREB dur-
ing oxidant injury in the kidney, we have also estab-
lished a biphasic pattern of CREB responses to oxidant
stress. In previous studies we showed that TKPTS cells
activate ERK and CREB and survive moderate oxidant
stress, while they undergo necrotic death in the absence
of ERK/CREB activation during severe oxidant stress in
vitro [5]. This biphasic response to H2O2 has not been
explored before. In several models, moderate oxidative
stress induces prosurvival signals through CREB activa-
tion [12, 13], which may or may not be a result of changes
in phosphorylated CREB level or CREB binding to its
cognate sequence [14, 28, 29]. Indeed, several models
of oxidant injury revealed a decreased CREB-binding
activity [14, 15, 30] but the effect of levels of oxidant
stress was not explored. In our system CREB-driven tran-
scription is inhibited during severe oxidant injury while
the transcription is activated during moderate oxidant
stress (Fig. 8). The increase in transcription was accom-
panied by increased binding of phosphorylated CREB to
a consensus CREB oligonucleotide after 0.5 mmol/L but
decreased by 1 mmol/L H2O2 treatment (Fig. 9). Thus,
we can postulate that this decreased binding might be re-
sponsible for the down-regulation of the CRE-site pro-
moter. It seems that there is a threshold level of oxidant
stress, which when exceeded leads to cell death. This
might be relevant to in vivo conditions since 15 to 20
minutes of (moderate) ischemia does not induce acute
renal failure, while 45 to 60 minutes does [31]. The ex-
act mechanism of this down-regulation is not clear but
might involve a rapid induction of phosphatases [32]. It
is interesting to note that in our model system 1 mmol/L
H2O2 rapidly activates MAPK phosphatase 1 (MKP-1)
(data not shown), a phosphatase that is targeted by oxi-
dant stress [33] and a regulator of ERK phosphorylation
[34]. To clarify the mechanism of decreased CREB ac-
tivity will require further studies. Nevertheless, our data
further support the existence of a rescue mechanism in
which moderate (nonlethal) ischemic/oxidant stress acti-
vates signaling via ERK to CREB and facilitates survival
of renal cell.
As a transcription factor, activated CREB regulates
transcription of an array of genes that harbor the CREB
binding site(s) in their promoter proximal region, includ-
ing those with survival function [6, 7]. Thus, transcrip-
tional events are important for survival. Indeed, inhibi-
tion of transcription abolishes the cardioprotective effect
of ischemic preconditioning [35]. One likely candidate
is bcl-2, which is antiapoptotic/necrotic in many systems
[26]. The promoter proximal region of the bcl-2 gene
contains a CRE binding site that positively regulates its
transcription [36–38]. Previous studies examining bcl-2
expression during renal I/R injury are conflicting. Bcl-
2 expression was either not detected by immunohisto-
chemistry during I/R [39] or was present in the damaged
(apoptotic) distal tubules [40]. Other studies found that
regenerating proximal tubules express elevated bcl-2
mRNA after renal injury suggesting its role in repair
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of the damaged proximal tubule after ischemia [41].
Our studies showed no changes in bcl-2 protein levels
after I/R in the kidney (data not shown). In TKPTS
cells 1 mmol/L H2O2 treatment significantly decreased
both bcl-2 transcription and bcl-2 protein expression
(Fig. 10). Interestingly, 0.5 mmol/L H2O2 treatment did
not influence bcl-2 transcription or protein expression
(Fig. 10) even though it activates CREB-driven tran-
scription (Fig. 8). This suggests that the CRE element
in the bcl-2 promoter is silenced during oxidant stress
or bcl-2 might not be required for survival of mouse
renal proximal tubular cells under moderate oxidant
stress.
CONCLUSION
We have demonstrated a pivotal role of CREB in the
survival of renal epithelial cells to oxidant stress. Fur-
thermore, CREB-driven transcription decreased during
cell death provoked by severe oxidant stress, further sup-
porting its role in survival. Interestingly, bcl-2, a known
downstream mediator of CREB-induced survival signal-
ing, may not be part of survival of renal epithelia during
I/R or H2O2 treatment. The mechanism of CREB down-
regulation during severe oxidant stress and the identifi-
cation of downstream targets of CREB during survival
need further exploration.
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